Specific cone-directed therapy is of high priority in the treatment of human hereditary retinal diseases. However, not much information exists about the specific targeting of photoreceptor subclasses. Three versions of the human red cone opsin promoter (PR0.5, 3LCR-PR0.5 and PR2.1), and the human blue cone opsin promoter HB569, were evaluated for their specificity and robustness in targeting green fluorescent protein (GFP) gene expression to subclasses of cones in the canine retina when used in recombinant adeno-associated viral vectors of serotype 5. The vectors were administered by subretinal injection. The promoter PR2.1 led to most effective and specific expression of GFP in the long-and medium-wavelength-absorbing cones (L/M cones) of normal and diseased retinas. The PR0.5 promoter was not effective. Adding three copies of the 35-bp LCR in front of PR0.5 lead to weak GFP expression in L/M cones. The HB569 promoter was not specific, and GFP was expressed in a few L/M cones, some rods and the retinal pigment epithelium. These results suggest that L/M cones, the predominant class of cone photoreceptors in the retinas of dogs and most mammalian species can be successfully targeted using the human red cone opsin promoter.
Introduction
Retinal cone photoreceptors can be the primary target of genetic diseases such as achromatopsia, [1] [2] [3] [4] cone or cone/ rod dystrophies (see RetNet for summary: http://www. sph.uth.tmc.edu/RetNet/). Also concurrent involvement of cones and rods occurs in some forms of X-linked retinitis pigmentosa (XLRP) caused by mutations in the retinitis pigmentosa (RP) GTPase regulator (RPGR) gene, 5, 6 and it is the early and severe cone involvement that causes the marked visual impairment. 7 In many other retinal diseases, however, cones are affected secondarily. This is the case in age-related macular degeneration, 8 and many forms of RP where the primary gene mutation affects the rods, and cone abnormalities represent a secondary bystander effect. 9 Although cones represent only about 5% of the human photoreceptor population, 10 they are essential for color vision, central visual acuity and photopic vision. Therefore, preservation of cone structure and function is of critical importance when considering photoreceptor-directed therapies. 9 In contrast to man and nonhuman primates that have separate populations of red, green and blue cones, dogs are functional dichromats, with cone populations having combined red/green or blue pigments. 11 These are termed long-and medium-wavelength-absorbing cones (L/M cones) and short-wavelength-absorbing cones (S cones), and have maximal sensitivities of 555 nm and 429-435 nm, respectively. 12, 13 Canine diseases with primary cone photoreceptor involvement include achromatopsia and X-linked progressive retinal atrophy (XLPRA).
14 Canine achromatopsia is a recessively inherited cone degeneration that is phenotypically similar to human achromatopsia 15, 16 and caused by either a genomic deletion or missense mutation of the cone cyclic nucleotide-gated cation channel b-subunit (CNGB3). 4 CNGB3 is also mutated in about 50% of human patients with achromatopsia. 17 On the other hand, XLPRA is caused by microdeletions in exon ORF15 of RPGR, and the mutation causing a frameshift has a severe, and aggressive early-onset cone/rod disease phenotype similar to what is found in RPGR/XLRP patients. 6, 18 Previous studies have shown that sequences upstream of the human red or long wavelength (L) opsin gene contain a core promoter with a locus control region (LCR) that confers expression in cones of transgenic mice. 19, 20 When a truncated version of the upstream sequences was incorporated into a recombinant adenoassociated viral vector (rAAV) of serotype-5 (rAAV5), this promoter targeted green fluorescent protein (GFP) expression to cones in the mouse, rat, ferret, guinea pig and squirrel monkey. [21] [22] [23] Glushakova et al. 24 showed that elements of the human S-opsin promoter can preferentially target cones in rats, although specificity is limited and expression is promiscuous.
In preparation to developing a platform for conedirected therapies in the canine models that could ultimately be translated to the treatment of homologous disorders in humans, we constructed rAAV vectors packaged serotype-5 capsids, and used a GFP reporter gene to monitor transduction efficiency and stability. Different promoters previously shown to confer cone photoreceptor expression were used to target GFP expression to the dog L/M and S cones. [19] [20] [21] [22] [23] [24] Our results demonstrate poor expression levels, and lack of specificity with the human S-opsin promoter. In contrast, the red cone opsin promoters conferred a high degree of specificity, and expression robustness was dependent on the promoter length and content.
Results
The morphology of the normal canine retina is similar to that of other mammalian species, including man ( Figure  1a ), but cones, particularly their inner segments, are not as distinct given the high rod/cone ratio. We estimated the ratio of L/M-to S cones around 13:1 (8% S cones) in the superior and 8:1 (13% S cones) in the inferior canine retina (Figures 1b and c) . These values are similar to previously reported estimates. 25 The effectiveness and specificity of rAAV5 and human red (PR0.5, 3LCR-PR0.5 and PR2.1) and blue (HB569) cone opsin promoters to direct cell class-specific GFP expression in cone photoreceptors was assessed in the normal canine retina (Table 1) . Schematic illustration of the vectors used ( Figure 2 ) show that they contained AAV2 inverted terminal repeats flanking a promoter, SV40 splice donor/splice acceptor (SD/SA), GFP gene, and a poly-A sequence. A 2.1 kb fragment (PR2.1) of the human red cone pigment gene was used. This fragment was composed of bases spanning À4564 to À3009 joined to À496 to 0 and contained a LCR essential for expression of both the L and M pigment genes in human; the sequence is highly conserved among human, cow and rats. 19 The PR0.5 promoter utilized the À496 to 0 region, and 3LCR-PR0.5 contained the À496 to 0 fragment joined to three copies of the 37 bp LCR at the À496 end. The HB569 contained the À557 to +11 region of the human S-opsin gene. 24 A total of 19 eyes of 12 dogs were injected; 11 dogs (18 eyes) were normal, and one was affected with a PDE6B mutation causing primary, early rod degeneration (Table 1) . 26, 27 In 16 eyes, the vector was injected into the subretinal space with visible bleb formation (Figure 3 ). In the remaining three eyes the vector was injected underneath the retinal pigment epithelium (RPE); the rAAV was unable to target the cone photoreceptors following these sub-RPE injections as no GFP expression was detected in these eyes. In all dogs, the mild uveitis induced by the surgery was transient and controlled with short-term medical treatment. 28 In one dog, both eyes developed small intraretinal hemorrhages in the region of the previous bleb within 1 week after injection. These were resolved and were not observed in other injected eyes.
Human red cone opsin promoters
Three versions of the human red cone opsin promoter were used: PR0.5, 3LCR-PR0.5 and PR2.1 ( Table 1 ). The short proximal promoter PR0.5 was not effective in achieving any GFP expression as none of the retinas injected with PR0.5 showed green fluorescence in cones or other retinal cells 5 weeks after injection. Attempts to detect GFP expression by immunocytochemical labeling also failed.
Adding three copies of the 35-bp LCR to PR0.5 (3LCR-PR0.5) lead to weak cone-specific GFP expression 4 weeks after injection. A few GFP-positive cones could be recognized directly by their green fluorescence ( Figure  4a ). However, anti-GFP immunolabeling showed that all L/M cones in the injection area were positive (Figures 4b  and c) . None of the S cones expressed GFP (Figure 4d ). Hence, specific GFP expression was achieved in L/M cones, but, in general it was weak in that enhancement by immunocytochemical labeling was required for detection.
Ultimately, the longest version of the truncated human red opsin promoter (PR2.1) was used, 19, [21] [22] [23] and produced In addition, one eye of a dog affected by rcd1 was injected at 5 weeks of age with rAAV containing the PR2.1 promoter, and the retina was collected at 9 weeks of age. This disease is caused by a mutation in the PDE6B gene, and leads to abnormal development and early degeneration of rod photoreceptors before the canine retina is fully developed. 26, 27 At 5 weeks, the function and structure of the cone photoreceptors is still normal. 26 Strong and specific GFP expression could be seen in all the L/M cones of the rcd1-affected retina 4 weeks after injection (Figure 4g ). At the age examined, the length of the cone photoreceptor cells appeared shorter because of the severe loss of rods which causes the cone inner segments to shorten and broaden.
Human blue cone opsin promoter
Strong GFP expression could be seen without the use of immunolabeling in only a few cones (approximately 2%) and rods 8 weeks after injection of vector with the human blue cone opsin promoter HB569 (Figures 4h and i) . The ratio of GFP-positive cones to rods was between 1:5 and 1:3 depending on the area examined. However, immunocytochemical characterization of these cones indicated that they were not S cones but rather a subgroup of the L/M cones (Figures 4h and i ). In addition, we saw green fluorescence in the RPE. Thus, the rAAV5 vector with the human blue cone opsin promoter HB569 was not able to Figure 2 Schematic illustration of the adeno-associated viral vector (rAAV) of serotype-5 (rAAV5) vector (not to scale). Inverted terminal repeats (TR) flank a promoter, SV40 splice donor/splice acceptor (SD/SA), GFP gene and poly-A sequence. Promoters used were PR2.1 (2.1 kb fragment composed of bases spanning À4564 to À3009 and À496 to 0 of the human red cone pigment gene promoter that contains a locus control region (LCR)), PR0.5 (the À496 to 0 region), 3LCR-PR0.5 (the À496 to 0 fragment fused to three copies of the 37 bp LCR at the À496 end) and HB569 (containing the À557 to +11 region of the human S-opsin gene promoter).
Targeting gene expression to cones AM Komáromy et al specifically target gene expression to canine S cones, and, moreover, resulted in nonspecific GFP expression in different canine retinal neurons.
Combination of red and blue cone opsin promoters
With the aim of obtaining GFP expression in both canine L/M and S cones classes, we used in a single injection a combination of vectors with PR2.1 and HB569 cone opsin promoters. The results confirmed the previous findings after injection of a single vector. Strong GFP expression was found primarily in L/M cones; this was attributed to the human red cone opsin promoter PR2.1 (Figure 4j) . The strong green fluorescence in some rods and the signal in the RPE were attributed to the unspecific targeting of GFP expression by the HB569 promoter.
Discussion
Cone photoreceptors fulfill critical functions such as central visual acuity, color vision and photopic vision. Cones can be affected primarily or secondarily by retinal diseases that lead to severe visual deficits in the affected patients. Targeting gene expression to the cones, both for gene replacement therapy or for the synthesis of 4 The work presented herein with human cone opsin promoters provides the groundwork for future cone-directed gene therapy in canine models, and complements recent studies of conedirected gene expression in the rat, ferret, guinea pig and primate retina. 22, 23 Compared to other viral vectors, rAAV provides many advantages, such as its ability to infect both mitotic and postmitotic growth arrested cells with high efficiency, its ability to accept nonviral regulatory sequences and the lack of any associated human disease. 29 The specific cell targeting is based on the use of cell-type specific promoters, the site of inoculation and the AAV serotype. 30 Currently, nine AAV serotypes are widely available; their AAV capsid proteins influence the cellular tropism as well as the speed of onset and intensity of gene expression. 30 The combination of the serotype 2 genome with capsid proteins from other serotypes, that is, pseudotyped AAV vectors, allow the enhancement of vector transduction characteristics in the retina. 31, 32 For example, transduction of both RPE and photoreceptor cells can be achieved by subretinal injection of either AAV2 or AAV5; however, the efficiency of transduction appears much greater with AAV5, especially in photoreceptors. 33, 34 The aim of this project was to evaluate various human cone opsin promoters for their specificity and efficacy to target gene expression to the canine cone photoreceptors. We were able to successfully target gene expression to the canine L/M cones using the human red cone opsin promoter PR2.1 in rAAV5. The expression of the reporter gene GFP was both specific and effective in that all L/M cones evaluated histologically were indeed expressing the GFP, and no significant expression of the reporter gene was seen in other cell types. The PR2.1 promoter has recently been used for successful cone-directed gene therapy in a mouse model of achromatopsia caused by a mutation in the cone a-transducin gene. 21 We were unable to detect expression of GFP when using PR0.5, the shortest version of the human red cone opsin promoter. Adding three copies of the 35-bp LCR to the PR0.5 promoter led to detectable GFP expression in the cones. However, the level of GFP expression was lower than with PR2.1, and expression in the canine L/M cones was detected, almost exclusively, using by immunolabeling. Provided that these low expression levels are stable, such outcome may not be undesirable in cases where overexpression could be detrimental to the cell, and a lower expression level is desired. In addition, the use of a shorter promoter would allow the introduction of a longer gene into the rAAV vector construct.
Unfortunately, the blue cone opsin promoter HB569 did not lead to GFP expression in canine S cones. Instead, this promoter led to the expression of GFP in a few L/M cones, rods and in the RPE. At this point, it is unclear why this promoter is not effective in transducing canine S cones, but targets expression to a subgroup of L/M cones, rods and RPE cells. The application of the same promoter in rats showed that about 37% of the GFPpositive cones were S cones, about 13% were M cones and almost half of the GFP-positive photoreceptors in rats were rods. 24 The results in our dogs are even less specific as we were not able to identify a GFP-positive S cone. These results are surprising given that the HB569 sequence appears to align better with the S-cone promoter sequence of the dog (75% identity) as compared to the rat (68% identity; data not shown). Modifications will have to be made to the S-cone promoter in the future in order to successfully target the canine S cones.
Similar to the rat, 22 S cone-specific GFP expression was also not found with the PR2.1 promoter in the dog, even though Wang 19 and Alexander et al. 21 reported that the 2.1 kb human red cone opsin gene promoter directed reporter gene expression in both M and S cones in transgenic mice. However, in regards to cone-targeted therapies in higher primates or dogs, such a result is not problematic; S cones makeup only 7% of the human cone population within 4 mm of the foveal center and are missing in a zone about 100 mm (0.35 degrees) in diameter near the site of peak cone density (foveal tritanopia). 35 In dogs, we estimated that S cones makeup 8-13% of the cones. Thus, we have demonstrated that highly specific targeting of reporter gene expression is possible in the predominant class of cones in the dog, and the results suggest that cone-directed gene replacement therapy should be possible with the PR2.1 or 3LCR-PR0.5 promoters.
Finally, we were able to target gene expression to cones in a canine rcd1-affected retina, an example of a disease where cones are secondarily affected by a primary rod disorder. These very preliminary results suggest that cone-targeted therapies may be possible in diseases, where cones are secondarily affected.
In summary, we successfully proved the principle of cone-specific gene targeting in a large animal model. Our results open the door for cone-specific gene therapy in canine models of primary and secondary cone disease.
Materials and methods rAAV vector production and purification
Recombinant adeno-associated virus vectors of serotype 5 were used. Promoter constructs were based on the human red cone opsin promoters derived from the pR2.1-LacZ plasmid containing bases spanning À4564 to À3009 and À496 to 0 of the human red cone pigment gene. The pR2.1-LacZ plasmid was digested with NcoI which was then blunt ended by a Klenow polymerase filling reaction, and digested with KpnI to release the 2.1 kb fragment. This fragment was then ligated into a recombinant AAV vector plasmid containing a SD/SA, GFP and polyadenylation signals, that had been digested with KpnI and XbaI in which the XbaI site was blunted by end filling, to generate plasmid PR2.1-GFP. The rAAV constructs for PR0.5 and 3LCR-PR0.5 driving GFP were created in a similar fashion. Briefly, only the 'core' À496 to 0 promoter sequence was used for PR0.5, and three copies of the 37 bp LCR fused to the upstream sequence of the core promoter was used for 3LCR-PR0.5 ( Figure 2) . The HB569-GFP construct was made as previously Targeting gene expression to cones AM Komáromy et al described using 569-bp PCR products containing human blue cone opsin promoter regions. 24 These were directionally cloned into the KpnI and XbaI sites of the AAV proviral plasmids.
Production and purification of rAAV5 was carried out by procedures similar to those previously described. 36, 37 Real-time PCR was used to determine titer, and the final rAAV5 aliquots in balanced salt solution (Alcon Laboratories, Fort Worth, TX, USA) with 0.014% Tween 20 were stored at À80 1C.
Animal, anesthesia and subretinal injections
In total, 11 normal crossbred dogs were studied between 7 and 55 weeks of age. Subretinal injections of rAAV5 with different promoter constructs driving GFP were made in 18 eyes, and followed for different time points after injection (Table 1 ). In addition, one eye in a 5-week old dog affected with rcd1 was injected. This dog was genotyped homozygous affected for a PDE6B stop mutation. 38 All procedures in this study were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania, and were done in accordance with the the Association for Research in Vision and Ophthalmology Statement for the use of animals in ophthalmic and vision research.
The preoperative and operative procedures for subretinal injections in dogs have been described. 28 Briefly, the eyes received multiple applications of topical antiinflammatory agents (prednisolone acetate 1% and flurbiprofen 0.03%) prior to surgery, and pupils were dilated with topical tropicamide 1%, phenylephrine 10% and atropine 1%. Table 1 .
The simultaneous retinotomy and separation of the photoreceptors from the RPE was created by the force of the injection. A successful subretinal injection was recognized by the formation of a subretinal bleb ( Figure  3) . A sub-RPE injection could be recognized by the lack of bleb formation and the immediate pink discoloration of the choroid, particularly the tapetal region. Postoperative management included a subconjunctival injection of 4 mg triamcinolone acetonide, as well as the topical application of neomycin/polymyxin B-dexamethasone 0.1% and atropine sulfate 1% ophthalmic ointments. The systemic antibiotics and steroids were continued for 3 days after surgery as described above. The topical administration of prednisolone acetate 1% and atropine sulfate 1% twice and then once daily was continued for 1 week after surgery. Using this protocol, the uveitis induced by the surgical trauma remained mild, and no signs of ocular pain or periocular swelling were noticed.
Histologic evaluation
Between 4 and 8 weeks after injection, the dogs were euthanatized (Table 1) , the eyes enucleated and fixed for 3 h in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) at 4 1C. Then the anterior segment and the vitreous were removed, and the eyecup was fixed for 21 h in 2% paraformaldehyde in 0.1 M PBS at 4 1C. The eyecups were trimmed in order to have the injected region included in the sections, and tissues sequentially placed in 15 and 30% sucrose for 24 h each prior to embedding in optimal cutting temperature (OCT) medium. Cryosections (10 mm) were cut, and the sections included both the area of the previous subretinal bleb and surrounding noninjected regions.
Green fluorescence from the expressed GFP was evaluated in unstained sections with a Zeiss Axioplan microscope (Carl Zeiss Inc., Oberkochen, Germany) with and epifluorescence illumination (Filter Set 23 with GFP excitation at 489 nm and emission at 509 nm). Those sections with absent or weak green fluorescence were labeled with GFP polyclonal antibody. In order to identify the two classes of cone photoreceptors, immunocytochemical staining was performed using either anti-S-opsin polyclonal antibody (rabbit 1:5000; Chemicon, Temecula, CA, USA; or goat 1:50; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for the S cones or anti-L/M-opsin polyclonal antibody for the L/M cones (rabbit 1:500; Chemicon; or goat 1:100; Santa Cruz). The RPE was labeled with polyclonal anti-RPE65 antibodies (rabbit 1:10000). Alexa Fluor-labeled goat antirabbit immunoglobulin G (IgG) or donkey anti-goat IgG (1:200; Molecular Probes Inc., Eugene, OR, USA) was used as secondary antibody. 4',6-Diamidino-2-phenylindole stain was used to detect cell nuclei. Additional sections of each eye were also stained with hematoxylin and eosin for routine light microscopic examination. Images were digitally captured (Spot 4.0 camera; Diagnostic Instruments Inc., Sterling Heights, MI, USA), and imported into a graphics program (Photoshop; Adobe, Mountain View, CA, USA) for display.
